Septicemia and meningitis caused by Neisseria meningitidis remain a global health problem, especially in young children. N. meningitidis is usually a commensal of the nasopharynx, the only major natural reservoir of this organism. The virulence factors that potentiate the capacity of N. meningitidis to cause invasive disease include capsular polysaccharides, pili (fimbriae) or outer membrane proteins and lipopolysaccharides (LPS) (12, 23, 39, 45, 48, 63, 68) . Existing licensed vaccines against capsular serogroups A, C, W, and X are available (15, 20, 51) but generally lack satisfactory immunogenicity in very young children and do not induce long-lasting protective immunity (8, 33, 42, 43, 49) . Nonetheless, their utility has been significant in affording protection to selected populations such as the military, travellers, and those at exceptional risk in outbreaks or epidemics (10) . The problems are to identify vaccines that are highly effective in infants and to give longterm protection against group B strains. Group B strains have accounted for a substantial, often a majority of invasive N. meningitidis infections in many countries in Europe and the United States (11) . Prevention of group B invasive disease represents a particularly difficult challenge in vaccine development since the capsular polysaccharide is very poorly immunogenic and even conjugates have shown disappointing immunogenicity (24) . Further, there are concerns about the safety of vaccines whose rationale is to induce antibodies to the group B polysaccharide, a homopolymer of ␣-linked 2-8 neuraminic acid. The identical polysialic acid is a posttranslational modification of a glycoprotein present on human cells, especially neurons, and is referred to as neural cell adhesion molecule (14) . Both theoretical and experimental evidence have been used to argue that the induction of antibodies might result in autoimmune, pathological damage to host tissues. Alternative approaches for developing vaccine candidates against group B N. meningitidis are being actively explored. These include: outer membrane porins (47, 50, 75, 76) , transferrin-binding proteins (2) , and LPS (19, 25, 27, 38, 69) .
The structure of N. meningitidis LPS has been studied in considerable detail by Jennings and coworkers with additional contributions by others (4, 18, 44, 59, 64) . The structures of major glycoforms for several immunotypes (L1 to L9) have been published: L1 and L6 (13, 73) , L3 (41), L5 (37), L2 (16), L4 and L7 (32) , and L9 (26) (Fig. 1) . It is known that, in addition to this interstrain variation, individual N. meningitidis strains exhibit extensive phase variation of outer core LPS structures (reviewed in references 3 and 66). The molecular mechanism of this intrastrain variation involves hypermutable loci within the reading frames of several glycosyl transferases (17, 28) . Similar mechanisms of phenotypic variation have been reported for other phase-variable surface components of pathogenic Neisseria spp., including Opc (52), Opa (61) , and PilC proteins (31) . This high-frequency, reversible molecular switching of LPS is mediated by homopolymeric tracts of cytosines or guanines through slippage-like mechanisms that result in frameshifts (17, 28, 60) . Despite the extensive antigenic variation of LPS, the inner core of the LPS is relatively highly conserved. Furthermore, key biosynthetic genes for each step have been identified (reviewed in reference 48) , and this allows the construction of a series of mutants from which LPS glycoforms of various sizes and complexities can be made available to facilitate the identification of conserved epitopes (29, 30, 64, 65) . Our hypothesis is that one or more of these inner core epitopes may be conserved and accessible to antibodies and that a specific immune response to these epitopes could mediate protection. If so, LPS inner core oligosaccharides could be candidate vaccines.
Here we report that a monoclonal antibody (MAb), designated B5, has identified a cross-reacting epitope on the LPS of the majority of naturally occurring but genetically diverse strains of N. meningitidis. Critical to the epitope of strains recognized by the MAb B5 is a phosphoethanolamine (PEtn) on the 3-position of the ␤-chain heptose (HepII) (Fig. 1) . In contrast, all N. meningitidis strains lacking reactivity with MAb B5 are immunotypes characterized by the absence of PEtn substitution or by PEtn substitution at an exocyclic position (i.e., position 6 or 7) of HepII (Fig. 1) . Thus, a limited repertoire of inner core LPS variants is found among natural isolates of N. meningitidis strains, and these findings support the possibility that a vaccine might be developed containing a few glycoforms representative of all natural N. meningitidis strains.
MATERIALS AND METHODS
Bacterial strains. The N. meningitidis strains MC58 and H44/76 (both B:15: P1.7,16 immunotype L3) have been described previously (21, 71) . Derivatives of MC58 and H44/76 with defined alterations in LPS were obtained by inactivating the genes, galE (30) , lsi (29) , lgtA and lgtB (28) , rfaC (62) , and icsA and icsB (64) ( Table 1) . Other wild-type N. meningitidis strains used in the study were from three collections: (i) representatives of immunotypes L1 to L12 (46), a (ii) global collection of 34 representative N. meningitidis group B strains (56) , and (iii) a global collection of 100 strains from 107 representative N. meningitidis strains of all major serogroups (A, B, C, W, X, Y, and Z) (35) .
Capsule-deficient and galE mutants were constructed in six N. meningitidis group B strains obtained from the collection described earlier (56) (Table 1) . Other, related Neisseria strains studied included 10 strains of N. gonorrhoeae and the commensal strains N. lactamica (eight strains), N. polysaccharea (one strain), N. mucosa (one strain), N. cinerea (one strain), N. elongata (one strain), N. sicca (one strain), and N. subflava (one strain). Other gram-negative organisms included: Haemophilus influenzae type b (seven strains), H. somnus (one strain), nontypable H. influenzae (eight strains), Escherichia coli (one strain), and Salmonella typhimurium (one strain) and its isogenic LPS mutants (rfaC, rfaP, and rfaI) ( Table 1) .
Bacterial culture in vitro. All strains were grown overnight at 37°C on standard brain heart infusion (BHI) medium base (Oxoid) in an atmosphere of 5% CO 2 .
Bacterial culture in vivo using the chick embryo model. To determine the accessibility of inner core epitopes of N. meningitidis grown in vivo, the chick embryo model was used (6, 7, 55) . The method was modified by using an inoculum of 10 4 or 10 5 N. meningitidis organisms in a final volume of 0.1 ml to infect the chorio-allantoic fluid of 10-day-old Pure Sussex chick eggs (obtained from the Poultry Unit, Institute of Animal Health, Compton, Berkshire, United Kingdom). After overnight incubation (37°C), the allantoic fluid (ca. 3 to 5 ml) was removed from the eggs, and the bacteria were recovered after centrifugation at 350 ϫ g for 15 min. The organisms were washed in sterile phosphate-buffered saline (PBS) and stored in Greaves solution (5% bovine serum albumin [BSA], 5% sodium glutamate, 10% glycerol) at Ϫ70°C.
LPS extraction. LPS samples were obtained from an overnight growth of N. meningitidis plated on five BHI plates from which the organisms were scraped and suspended in 30 ml of 0.05% phenol in PBS and incubated at room temperature for 30 min. Alternatively, batch cultures were prepared in fermenters with bacteria from an overnight growth (six plates) in 50 ml of Bacto ToddHewitt broth (Difco) to inoculate 2.5 liters of the same medium. For insertion mutant strains, the medium contained 50 g of kanamycin per ml. After incubation at 37°C for 6 to 8 h, the culture was inoculated into 60 liters of Bacto Todd-Hewitt broth in a New Brunswick Scientific 1F-75 fermenter. After overnight growth (17 h at 37°C), the culture was killed by the addition of phenol (1%) and then chilled to 15°C; the bacteria were then harvested by centrifugation (13,000 ϫ g for 20 min) (72) . In either case, the crude LPS was extracted from the bacterial pellet by using the standard hot phenol-water method (74) and purified from the aqueous phase by repeated ultracentrifugation (105,000 ϫ g, 4°C, two times for 5 h) (36) .
Tricine gels. Equivalent amounts of whole-cell (WC) lysates of N. meningitidis strains or purified LPS were boiled in dissociation buffer and separated on standard tricine gels (30 mA for 18 h) (34) . Gels were fixed and silver stained according to the manufacturer's instructions (Bio-Rad). To determine the presence of sialic acid, WC lysates were incubated with 2.5 l of neuraminidase at 37°C for 18 to 20 h (4 U/ml; Boehringer 1585886) and then with 5 l of proteinase K at 60°C for 2 to 3 h to remove proteins (Boehringer 1373196) prior to separation on tricine gels (16.5%).
Characterization of LPS from MAb B5-negative strains. LPS from wild-type and galE, cap mutant MAb B5-negative strains were O deacylated with anhydrous hydrazine as described previously (5) . O-Deacylated LPS were analyzed by electrospray mass spectrometry (ES-MS) in the negative ion mode on a VG Quattro (Fisons Instruments) or API 300 (Perkin-Elmer/Sciex) triple quadruple mass spectrometer. Samples were dissolved in water which was diluted by 50% with acetonitrile-water-methanol-1% ammonia (4:4:1:1), and the mixture was enhanced by direct infusion at 4 l/min. Deacylated and dephosphorylated LPS (L8 odA HF) was prepared according to the following procedure. LPS (160 mg) was treated with anhydrous hydrazine (15 ml) with stirring at 37°C for 30 min. The reaction was cooled (0°C), cold acetone (Ϫ70°C, 50 ml) was added gradually to destroy excess hydrazine, and precipitated O-deacylated LPS (L8 odA) was obtained by centrifugation. L8 odA was washed twice with cold acetone and then redissolved in water and lyophilized. The structure of L8 odA was confirmed by negative ion ES-MS before dephosphorylation. L8 odA was dephosphorylated by treatment with 48% aqueous hydrogen fluoride (10 ml) at 0°C for 48 h. The product was dialyzed against water, and the O-deacylated, dephosphorylated LPS sample (L8 odA HF) was lyophilized (50 mg). Loss of phosphate was confirmed by ES-MS.
Molecular modelling. Molecular modelling of LPS epitopes was carried out as described previously (5) . The starting geometry for all sugars was submitted to a complete refinement of bond lengths, valence, and torsion angles by using the molecular mechanics program MM3(92) (Quantum Chemistry Program Exchanger [QCPE], Indiana University, Bloomington, Ind.). All calculations were performed by using the minimized coordinates for the methyl glycoside. The phosphorus groups were generated from standard coordinates (Tripos Software; Alchemy) and minimum energy conformations found in crystal structures. Calculations were performed by the Metropolis Monte Carlo (MMC) method. All pendant groups were treated as invariant except for the phosphorus groups, which were allowed to rotate about the Cx-Ox and Ox-P bonds. The starting angles for the oligosaccharide were taken from the minimum energy conformers calculated for each disaccharide unit present in the molecule. 24-Dimensional MMC calculations of the hexasaccharides with or without PEtn groups attached were carried out with 5,000 macro moves. The graphics were generated by using the Schakal software (Egbert Keller, Kristal-lographisches Institut der Universität, Freiburg, Germany).
Antibodies. (i) Rabbit polyclonal antibody. We used a rabbit polyclonal antibody specific for group B N. meningitidis capsular polysaccharide obtained by immunizing a rabbit six times subcutaneously with lysates of MC58 at 2-week intervals. The first and second immunizations contained Freund complete adjuvant and Freund incomplete adjuvant, respectively. Serum was obtained from bleed 6. To increase specificity for the group B capsular polysaccharide, rabbit polyclonal antibody (1 ml) was incubated overnight at 4°C with ethanol-fixed capsule-deficient MC58 (5 ϫ 10 9 organisms/ml). This preadsorbed polyclonal antibody did not react with a capsule-deficient mutant of MC58 as determined by immunofluorescence microscopy.
(ii) MAbs to inner core LPS. Murine MAbs to H44/76 galE LPS were prepared by standard methods. Briefly, 6-to 8-week-old BALB/c mice were immunized three times intraperitoneally, followed by one intravenous injection with formalin-killed galE mutant whole cells. Hybridomas were prepared by the fusion of spleen cells with SP2/O-Ag 14 (57) as described earlier (9) . Putative hybridomas secreting galE-specific antibodies were selected by enzyme-linked immunosorbent assay (ELISA) employing purified LPS from L3 and its galE mutant and L2. Immunoglobulin class, subclass, and light chain were determined by using an isotyping kit (Amersham Canada Ltd., Oakville, Ontario, Canada). Clones were expanded in BALB/c mice after treatment with pristane to generate ascitic fluid. Spent culture supernatant was collected after in vitro culture of hybridoma cell lines. Further testing of galE MAbs was carried out by screening against purified LPS from N. meningitidis L3 lgtA, lgtB, and lgtE mutant strains (Fig. 1) (iii) Immunotyping MAbs. To determine the immunotypes of N. meningitidis strains studied, especially L2 and L4 to L6, the following murine MAbs were used in dot blots and whole-cell ELISA: MN42F12.32 (L2 and L5), MN4A8B2 (L3, L7, and L9), MN4C1B (L4, L6, and L9), MN40G11.7 (L6), and MN3A8C (L5) (54) .
(iv) Huvec assay. Cultured human umbilical vein endothelial cells (Huvecs) were prepared as described previously (70) and were infected with strains of N. meningitidis for 3 h at 37°C. N. meningitidis strains were grown either in vitro or in vivo by using the chick embryo model (as described above). The accessibility of the inner core LPS epitopes of whole-cell N. meningitidis to specific MAb B5 was determined by using immunofluorescence and confocal microscopy. Gelatincoated glass coverslips coated with Huvecs were infected with wild-type N. meningitidis as described previously (71) (ii) Inhibition ELISA. For inhibition ELISA studies, MAb B5 was incubated with purified LPS samples prior to addition to L3 galE LPS-coated plates and then assayed as described above.
(iii) WC ELISA. WC ELISA was performed by using heat-inactivated lysates of N. meningitidis organisms as described previously (1) . Nunc Maxisorp 96-well plates were coated with 100 l of bacterial suspension (optical density [OD] of 0.1 at A 620 ) overnight at 37°C and blocked with 1% BSA-PBS; an identical protocol was followed as for LPS ELISA. Dot blots. Bacterial suspensions prepared as described above (2 l) were applied to a nitrocellulose filter (45 m, pore size; Schleicher & Schuell) and allowed to air dry. The same procedure as described for WC ELISA was followed except that the detection substrate was 5-bromo-4-chloro-3-indolyl-phosphatenitroblue tetrazolium (2 mg/ml; Sigma). The color reaction was stopped after 30 min by several washes with PBS, and the blots were air dried.
RESULTS
To investigate the potential of inner core LPS structures of N. meningitidis as vaccines, we have studied the reactivity of an isotype IgG3 murine MAb, designated B5, raised against N. meningitidis H44/76 immunotype L3 galE mutant. MAb B5 was one of seven MAbs to the LPS inner core produced against N. meningitidis immunotype L3 galE by standard immunological methods (see Materials and Methods). Preliminary ELISA testing showed that B5 cross-reacted with LPS from the L3 parent strain and with galE (lgtE), lgtA, and lgtB mutants but did not cross-react with S. typhimurium Ra or Re LPS. In order to determine the specific inner core epitope recognized by MAb B5, various N. meningitidis strains of known structure were examined by ELISA for cross-reactivity (Fig. 2) . The most significant finding of this analysis was that N. meningitidis immunotype L4 LPS was not recognized by MAb B5. The only structural difference between immunotypes L4 and L3 (which is recognized by MAb B5) is the position of attachment of the PEtn group (Fig. 3) . In immunotype L3 LPS the PEtn is attached at the 3-position of HepII, whereas in immunotype L4 LPS the PEtn is attached at the 6-or 7-position (Fig. 3) . Additionally, LPS from immunotype L2 and its galE mutant (in which the PEtn group is attached at the 6-position and a glucose residue is present at the 3-position of HepII) are not recognized by MAb B5. Immunotype L5, which has no PEtn in the inner core, is not recognized by B5, whereas immunotype L8 and its galE mutant which have PEtn at the 3-position of HepII are recognized. These results suggest that MAb B5 specifically recognises PEtn when it is attached at the 3-position of HepII. In order to prove the essential inclusion of PEtn in the epitope recognized by MAb B5, immunotype L8 odA LPS was dephosphorylated (48% HF, 4°C, 48 h) (Fig. 3) . The absence of PEtn after dephosphorylation was confirmed by ES-MS analysis. As indicated in Fig. 4 , dephosphorylation of L8 odA LPS abolished reactivity to MAb B5. To further characterize the epitope recognized by MAb B5, several structurally defined genetic mutants of immunotype L3 were screened for cross-reactivity (Fig. 4) . The highly truncated LPS of mutant strain icsB was only weakly recognized, while mutant strain icsA LPS was not recognized by MAb B5. These results suggest that the presence of glucose on the proximal heptose residue (HepI) is not absolutely necessary for binding by B5 but is required for optimal recognition (Fig. 1) . Furthermore, MAb B5 does not bind LPS in which both the glucose on the ␤-chain and the N-acetylglucosamine residue on the ␤-chain are absent. This suggests that the presence of N-acetylglucosamine is required to present the PEtn residue in the correct conformation for binding by MAb B5. Genetic modifications that produce severely truncated LPS glycoforms were also examined for reactivity with MAb B5. LPS from immunotype L3 lsi which has a trisaccharide of Hep-Kdo-Kdo attached to lipid A, as well as L3 PB4 which only contains the Kdo disaccharide and lipid A, were not recognized by MAb B5 (Fig. 4) . Inhibition ELISA studies (data not shown) were in accord with this result, thus confirming the specificity of MAb B5 to the PEtn molecule linked at the 3-position of HepII.
To demonstrate the ability of MAb B5 to recognize this inner core epitope in encapsulated strains, we devised an assay in which natural isolates of N. meningitidis were studied when they were grown on and became adherent to tissue-cultured cells (i.e., Huvecs). Initially, this methodology was developed by using the fully encapsulated strain MC58. The advantages of using the Huvec assay were that it provided a monolayer of endothelial cells to which the bacteria could adhere and that it provided a biologically relevant environment. Previous attempts with N. meningitidis directly adherent to gelatin-or matrigel-coated coverslips resulted in low numbers of adherent bacteria after repeated washings and high levels of nonspecific background staining.
Primary antibodies, MAb B5, and a polyclonal anticapsular antibody were detected by use of anti-mouse TRITC and antirabbit FITC, respectively. This demonstrated that an inner core LPS epitope of the fully encapsulated strain (MC58) was accessible to MAb B5 (Fig. 5a and b) . Confocal microscopy showed that MAb B5 and anticapsular antibodies colocalized and that the result was consistent irrespective of the sequence in which the antibodies were added. We also investigated, in addition to this in vitro demonstration of accessibility of MAb B5 to inner core LPS, organisms grown in vivo by using the chick embryo model. Strain MC58 (10 4 organisms/ml) was inoculated into chorioallantoic fluid of 10-day-old chick embryos and harvested the next day to provide ex vivo organisms. The results observed by confocal microscopy were identical to those observed in vitro, that is, MAb B5 and anticapsular antibodies colocalized (Fig. 5c and d) . This demonstrated that the inner core LPS epitopes were also accessible in vivo on whole-encapsulated wild-type N. meningitidis.
The observation of double staining of the inner core LPS epitope in the presence of capsule is key to the concept of this approach, and therefore a number of controls were used to confirm the validity of this finding. (i) The first control involved double staining an MAb B5-negative strain (e.g., immunotype L4 strain) with MAb B5 and anti-capsular antibody. This resulted in no reactivity of MAb B5 by using a rhodamine filter but positive reactivity with anticapsular antibody, ruling out a band-passing effect during the recording of the pictures. Of the 12 immunotypes, MAb B5 recognized the LPS of strains in which the inner core oligosaccharide has a PEtn linked to the 3-position of HepII (Table 2 and Fig. 1) . Thus, immunotypes L2, L4, and L6 did not react with MAb B5, whereas immunotypes L1, L3, and L7 to L12 were recognized by MAb B5. This confirmed that the presence of PEtn in the 3-position of the HepII is necessary to confer MAb B5 reactivity (Fig. 3) .
To investigate further the MAb B5 reactivity with other group B strains, a collection of genetically diverse strains was studied (56) . MAb B5 reactivity was detected in 26 of 34 (76%) of group B N. meningitidis strains tested. This included representative ET-5, ET-37, A4, and Lineage-3 strains. This represents the most complete available collection of hyperinvasive lineages of N. meningitidis group B strains.
We obtained capsule-deficient and galE mutants from six of eight of the MAb B5-negative group B strains (transformations were unsuccessful in the other two strains). These strains were also negative with MAb B5 as determined by dot blot, WC ELISA, or immunofluorescence, with the exception of a BZ157 galE capsule-deficient mutant, which had low-level reactivity as seen both by immunofluorescence and by dot blot. The MAb B5 strains were characterized by using a battery of immunotyping MAbs. We determined the immunotype of the eight MAb B5-negative strains by using combinations of the appropriate MAbs (see Materials and Methods) and dot blots of WC lysates (obtained from P. van der Ley) ( Table 3 ). In addition, structural fingerprinting of the inner core region of MAb B5-negative strains was performed by ES-MS on Odeacylated LPS from five of the respective capsule-deficient galE mutants (1000, NGE30, EG327, BZ157, and NGH38) ( Table 4) . Strains 1000, NGE30, and EG327 were nontypeable as determined by the use of MAbs, and LPS from these strains lacked PEtn on HepII of the inner core. BZ157, which corresponded to immunotype L2 by MAbs, contained PEtn in the inner core and, by analogy, to L2 at the 6/7-position of HepII (Table 3) . NGH38 was immunotype L2 and L5 and was analogous to L2 as determined by structural analysis. Those strains that were nontypeable failed to react with MAbs that recognize L3,7,9, L6, L2,5, and L4,6,9. However, 15 of 17 MAb B5-negative N. meningitidis strains (all serogroups) were positive for L2,5, and all MAb B5-positive strains were positive for L3,7,9. No reaction with any immunotyping MAbs was observed with 8 of 32 MAb B5-negative strains and 24 of 68 of MAb B5-positive strains.
To determine if the degree of sialylation of the LPS was a factor in the ability of MAb B5 to recognize its inner core epitope, MAb B5-negative strains were examined by LPS gels. MAb B5 reactivity was unaffected by varying the state of sialylation through exposure to neuraminidase as described in Materials and Methods (Fig. 6) . Furthermore, strain MC58, with which the MAb B5 reacted strongly, was found to be highly sialylated (Fig. 6) , and this finding was confirmed by ES-MS of purified O-deacylated LPS (data not shown). Therefore, our data did not support a contribution of sialylation to the lack of MAb B5 reactivity.
With respect to the other Neisseria species, MAb B5 also recognized the inner core LPS of five strains of N. gonorrhoeae (F62, MS11, FA19, 179008, and 150002) (two were negative) and (at least) two strains of N. lactamica (L19 and L22). However, MAb B5 did not react with one strain each of N. polysaccharea (M7), N. mucosa (F1), N. cinerea (I8), N. elongata (Q29), N. sicca (Q39), and N. subflava (U37). Also, MAb B5 did not react with E. coli (DH5 alpha) or S. typhimurium (LT2) or its isogenic LPS mutants (rfaC, rfaI, and rfaP).
Finally, we investigated the reactivity of MAb B5 with 100 strains that included representatives of serogroups A, B, C, W, X, Y, and Z (35) . Of these strains, 70% were MAb B5 positive. Clustering according to genetic relatedness was evident. For example, none of the MAb B5-negative strains were in the ET5 complex. Among group A strains, MAb B5-positive and -negative strains also fell into distinct clusters. For example, lineages I to III and lineage A4 were positive, and lineage IV to VI was negative. This collection, together with the one described earlier (56) , represents the most complete set available for known hyperinvasive lineages in all major serogroups of N. meningitidis strains.
DISCUSSION
The prerequisites for any candidate N. meningitidis group B vaccine would be that it contain a highly conserved epitope(s) that is found in all group B strains and is accessible to antibodies in the presence of capsule. Our approach has combined genetics, structural analysis, and immunobiology to define candidate epitopes in inner core LPS of N. meningitidis group B. This study used murine MAb B5, isotype IgG3, which was raised to a genetically defined immunotype L3 galE mutant in order to specifically target inner core LPS epitopes. The epitope(s) recognized by MAb B5 was defined by cross-reactivity studies with purified LPS glycoforms of known structure. MAb B5 recognized all LPS glycoforms in which the PEtn is at the 3-position of HepII (immunotypes L1, L3, L7, L8, and L9) and failed to react with immunotypes where PEtn is at the 6-or 7-position (L2, L4, and L6) or absent from HepII (L5) (Fig.  1) . MAb B5 reacted with 70% of the N. meningitidis strains tested from the two most complete sets of N. meningitidis strains available worldwide (35, 56) . Of these strains, 76% of the N. meningitidis group B strains tested were positive with MAb B5, and 70% of a collection that included all N. meningitidis serogroups tested were positive with MAb B5. Therefore, it may be envisaged that a vaccine containing a limited number of glycoforms, representing all the possible PEtn positions (none, 3, and 6/7) on HepII of the inner core, would cover 100% of N. meningitidis group B strains. The LPS structures of MAb B5-negative strains were confirmed by structural analysis. Two structural variants were recognized: one variant without PEtn in the inner core LPS (e.g., NGE30, EG327, and 1000) and the other with PEtn group on HepII (e.g., BZ157 and NGH38) at the 6-or 7-position instead of the 3-position.
With a view to developing inner core LPS epitopes as vaccine candidates, it is significant that there were no effects of the capsule on MAb B5 accessibility, as shown by colocalization of the anticapsular antibody and MAb B5 in wild-type organisms (MC58) grown in vitro and in vivo and visualized by confocal microscopy (Fig. 5) . Nor did the presence or absence of sialic acid have an effect, since both MAb B5-positive and -negative strains had high sialylation states, as shown by tricine gels (Fig.  6 ) and confirmed by ES-MS (data not shown).
There was no evidence of phase variation in MAb B5-positive or -negative strains in this study, except for one strain (BZ157) which had a very low level of MAb B5-positive strains in parent and galE mutant (0.06%) (data not shown). Structural analysis of LPS extracted from these two variants is currently under investigation.
Three-dimensional space-filling models of the inner core LPS of L3 and L4 immunotypes show that the position of the PEtn, either the 3-or the 6-position, respectively (Fig. 3 , shown in brown), alters the accessibility and conformation of PEtn in the inner core epitope. The most striking example of the importance of PEtn for MAb B5 reactivity was observed when PEtn was removed from the immunotype L8 (MAb B5 positive) by treatment with hydrogen fluoride, which totally abolished MAb B5 reactivity.
Previous studies with oligosaccharide conjugates in mice and rabbits have demonstrated that PEtn is important in immunogenicity and in the functional activity of polyclonal antibodies (67) . These studies identified two sets of polyclonal antibodies. One set resulting from L1 and L3,7,9 oligosaccharides had PEtn in the 3-position of HepII, were immunogenic, and had opsonophagocytic (OP) activity and chemiluminescence in oxidative burst reaction but had no serum bactericidal activity. The other set of antibodies resulting from L2 conjugates (6-or 7-position or without PEtn at HepII) were poorly immunogenic and had greatly reduced OP activity and chemiluminescence (67) . Future studies will look at the safety and immunogenicity of inner core LPS conjugates (PEtn at the 3-position of HepII and alternative glycoforms) and the functional ability of these polyclonal antibodies in opsonic and serum bactericidal assays, initially in mice and rabbits. Preliminary studies with MAb B5 in an OP assay with N. meningitidis MC58 and donor human polymorphonuclear cells suggests MAb B5 is opsonic in the presence of complement and that the uptake of N. meningitidis bacteria correlates with an oxidative burst reaction within the neutrophil (data not shown). MAb B5 does not appear to have any significant serum bactericidal activity with N. meningitidis MC58; however, this is not unexpected in view of its isotype (IgG3). The functionality of MAb B5 is currently under further investigation.
In conclusion, MAb B5 recognizes a conserved inner core epitope in which the PEtn is at the 3-position of HepII. This epitope was present in 76% of N. meningitidis group B strains and in 70% of all N. meningitidis serogroups and was accessible in the presence of capsule. A limited number of alternative glycoforms have been identified that are not recognized by MAb B5 where the PEtn is either absent or at an exocyclic position of HepII. Therefore, a vaccine containing a limited number of glycoforms might give 100% coverage of all N. meningitidis group B strains.
